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http:WHAT THIS PAPER ADDS
This paper reports the newest technology for performing aortic endografting with the guide of preoperative 3D-
CT, which is overlaid on an intraoperative 2D image. As this technology can be used to visualize vessel origin very
clearly, it will contribute to performance of aortic endografting with reduced requirement for contrast material.Objective: To evaluate the automated 2D-3D image overlay system (“3D Roadmap”) for use during endovascular
aneurysm repair (EVAR) in the hybrid operating theater.
Methods: Datasets of preoperative CT images were modiﬁed to subtract dense bone marrow to improve the
visualization of vasculature on the overlaid image, and allow for accurate navigation of the endovascular devices.
The 3D-CT overlay image was registered on the 2D ﬂuoroscopy image to mark the iliac crest and lumbar
vertebrae on both images as landmarks.
Results: Arteriography was performed only twice to conﬁrm the precision of the position of renal artery and the
ﬁnal evaluation. Twenty patients underwent EVAR with Medtronic Endurant, Gore Excluder, or COOK Zenith using
“3D Roadmap”. The origin of the renal artery and iliac bifurcation were registered with complete accuracy in 10
patients (50%). The lower renal artery deviated toward the cranial side less than 3 mm in six patients. In all cases,
EVAR was successful, and completed with the volume of contrast material limited to 43.8  3.1 mL.
Conclusion: “3D Roadmap” was conﬁrmed to be valuable for visualization of vessel origin in a fused image and
for reduction of contrast material during EVAR.
 2013 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
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Since the introduction of endovascular aneurysm repair
(EVAR) for abdominal aortic aneurysm (AAA),1,2 endovas-
cular technology has evolved substantially, incorporating
many changes in materials and design to achieve greater
procedural success and durability in a larger proportion of
aneurysms.
During EVAR, ﬂuoroscopic images with live information
on interventional endovascular devices and preoperative
images such as obtained with computed tomography (CT)
or magnetic resonance imaging are usually shown on
separate displays. This means that the interventionist has tois paper was presented at XXVI Annual Meeting of the European
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//dx.doi.org/10.1016/j.ejvs.2013.04.011perform a mental projection of the position of the endo-
vascular device onto the preoperative vascular images.
The digital subtraction technique has made the digital
roadmap into an indispensable tool;3 however, its greatest
disadvantage is that the roadmap has to be renewed every
time the X-ray tube or the table needs to be readjusted for a
better view. The current system of digital roadmap can relo-
cate the C-arm and table to the position of any previous ac-
quired images, being able to reuse the series as reference and
overlay. However, this is limited to the projections done for the
roadmap and not for C-arm rotationwhile keeping the overlay.
The renewal of the roadmap causes delays in the procedure
and requires more contrast material and a higher radiation
dose.4 To overcome this drawback, three-dimensional (3D)
road-mapping for EVAR was developed, which can be used
continuously during the procedure even if the interventionist
needs to rotate the X-ray tube for a change of angle or for
magniﬁcation or demagniﬁcation of the view.5e9
Recently, a hybrid operating theater comprising a motor-
ized calibrated C-arm X-ray ﬂat panel (Phillips, Healthcare,
Best, The Netherlands) and a conventional operating table
(MAQUET, Rastatt, Germany) has been introduced to improve
76 European Journal of Vascular and Endovascular Surgery Volume 46 Issue 1 July/2013the accuracy and quality of endovascular procedures.10 In
addition, it allows for the use of 2D-3D image overlay even
though a conventional operating table is used, because the
dedicated operating table and angiography system are me-
chanically combined. The table location is automatically and
accurately measured and this information is then used for
vessel road-mapping known as the “3D Roadmap” (Phillips,
Healthcare, Best, The Netherlands), which calculates changes
in table location in real time.
The aim of this study was to evaluate the feasibility of the
automated 2D-3D image overlay system utilizing subtrac-
tion of bone marrow image, a new image technique, during
EVAR in the hybrid operating theater.
MATERIALS AND METHODS
Registration of preoperative CT images
The purpose of the registration algorithm is to accurately
align the preoperative CT scan with the intraoperative
ﬂuoroscopy image. The datasets of preoperative CT imagesFigure 1. Preparation of preoperative CT image. (A) Volume rendering
visible areas, shown in red on 2D axial image, contain bone marrow. (B
image with the translucent visualization. The lumbar vertebras and pelv
image. As the density level of the lumbar vertebrae is much higher than
all bone data is used. (C) Volume rendering 3D-CT aortography includin
selected bone cortex and aorta are visualized in red and the bone marro
3D-CT aortography. Visualization of the vasculature on the overlay ima(slice thickness: 2 mm) are ﬁrst segmented into three image
masks, that is, images of bone, vasculature, and other soft
tissue. The redundant data of soft tissue around the bone
and vasculature are then removed in accordance with the
opacity curve setting (Fig. 1A).
The bone mask is needed as the landmark for accurate
overlay of the 3D-CT image on the 2D ﬂuoroscopy image.
However, as the density level of the lumbar vertebrae is
much higher than that of the aorta, the edge of the aorta is
not clearly visible when all bone data are used (Fig. 1B), and
visualization inside the aorta, required for guiding the
intervention devices, is even worse. To improve the visual-
ization of vasculature on the overlaid image and allow for
more accurate navigation of the endovascular devices, the
datasets of preoperative CT images were modiﬁed with
Ziostation (Ziosoft Inc, Redwood City, CA, USA) to subtract
dense bone marrow in the following manner:
1. The vasculature and bone masks obtained with
conventional volume-rendering 3D-CT aortography3D-CT aortography including masks of vasculature and bone. The
) Overlay of volume rendering 3D-CT aortography on ﬂuoroscopic
ic bones in pre-acquired CT data are also visualized on ﬂuoroscopic
that of the aorta, the edge of the aorta is not clearly visible when
g masks of vasculature and cortical bone. On 2D visible areas, the
w mask is removed. (D) Overlay of the modiﬁed volume rendering
ge noticeably improves.
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curve.
2. The total bone volume was segmented into cortical
bone and bone marrow with the complex shaded
surface display (SSD) approach and the bone marrow
mask was removed (Fig. 1C).
3. The mask combined with aorta, arteries and cortical
bone was re-saved as a DICOM ﬁle for transfer to the
workstation of the automated 2D-3D image overlay
system. The use of this modiﬁed data resulted in
noticeably improved visualization of the vasculature on
the overlay image (Fig. 1D).Overlay of preoperative 3D-CT image on intraoperative 2D
ﬂuoroscopy image
Intraoperative ﬂuoroscopy images were captured by means
of a ceiling-mounted C-arm X-ray ﬂat panel and a conven-
tional operating table (Allura Xper FD20 and Magnus
operating table, Philips Healthcare and MAQUET) during
EVAR in the hybrid operating theater.
3D rotational cone beam CT without contrast media was
performed as a pre-processing step at the beginning of the
EVAR procedure. A total of 312 projections were acquired at
30 frames per second with 1960  2048 matrices. During
scanning, geometrical settings like C-arm movement and
the height of the table were recorded in their entirety. The
scan itself should be done after complete ﬁxation of the
patient’s position and immediately before high-level sani-
tizing and draping, as rotational scanning could disturb the
ﬁxation. This ﬁxation should be the same as the preopera-
tive CT except for the arm position. Adjustment of the
spine, which is the landmark for the overlay system, espe-
cially improves the accuracy of the overlay image.
The cone beam CT and pre-acquired CT data are then
registered in the 3D space using an image-based registra-
tion algorithm, which will follow the C-arm movement, and
pre-acquired CT data are accurately projected and overlaid
on the live 2D ﬂuoroscopic image. For the complete regis-
tration, the two datasets are aligned in multiple planes
manually including axial, coronal, and sagittal, according to
the location of pelvic bone and vertebra. Once the scans are
registered with each other, the images from the preopera-
tive CT can be overlaid on the live ﬂuoroscopic display. The
lumbar vertebrae and pelvic bones contained in the pre-
acquired CT data are visualized on the ﬂuoroscopic image.
These can then be used as landmarks for manual adjust-
ment of the registration between the overlaid CT data and
ﬂuoroscopic image for the ﬁrst registration. Moreover,
vessel anatomy overlaid on the ﬂuoroscopic image with
translucent visualization shows the guidewire and catheter
positions with respect to the vessel tree without additional
contrast injection.
The overlaid vasculature on the live ﬂuoroscopic image is
used as a roadmap for navigation during catheterization and
deployment of devices. The slab thickness can be changed
to optimize the visualization of the pre-acquired CT data, for
instance by eliminating some of the bony structures. Thesystem is thus fully optimized for the overlaid CT data to
help follow the C-arm movements, table movement, and
magniﬁcation.
Patients and EVAR procedures
Between January 2012 and July 2012, 31 EVAR procedures
were performed. Eleven patients were not included in this
study because of off-label usage of stentgrafts (chimney
stent or endowedge technique for short neck in six patients
and relatively easy cases for resident training under the
supervision of staff interventionists in ﬁve patients). Twenty
patients, 18 males and two females (66e91 years old, mean
79.7; BMI 17.6e28.7, mean 22.8) who had been diagnosed
with infrarenal AAA and treated with EVAR were included in
this study. The devices used for EVAR were the Medtronic
Endurant (Medtronic Inc., Minneapolis, MN, USA) for 13
patients, Gore’s Excluder (Gore Medical, Flagstaff, AZ, USA)
for ﬁve patients and Cook’s Zenith (Cook Medical, Miami
Lakes, FL, USA) for two patients (Table 1). Before the EVAR
procedure, preoperative planning was performed using a
thin-slice CT dataset to measure the length of proximal and
distal landing zone, and the angle of proximal neck ac-
cording to the instructions for use. EVAR was also per-
formed following the recommended procedure by the
respective instructions for use. When the “3D Roadmap”
was utilized, only two applications of angiography were
indicated for a conventional EVAR procedure.
According to the general policy in our institute, general
anesthesia was induced in all patients. After exposure of the
access vessel, usually the common femoral artery, and
systemic heparinization, a stiff guidewire was placed into
the proximal descending aorta, and the stentgraft delivery
system was inserted. The “3D Roadmap” image can follow
the rotation of the C-arm as well as the change in height of
C-arm when the height of the table is adjusted to the height
for the cone beam CT. “3D Roadmap” can follow the cranio-
caudal movement of the table to get the appropriate view.
Cranio-caudal movements of the C-arm and the movement
of the patient were restricted within the area where the
positional information of both could be maintained.
The 3D-CT overlay image was registered on the 2D ﬂuo-
roscopy image to mark the iliac crest and lumbar vertebrae
on both images as landmarks. First angiography using 15 mL
contrast material (300 mgI/mL iopamidol) was performed to
conﬁrm the accuracy of the overlaid image with regard to
the position of the renal artery (Fig. 2). When the mis-
registration between the overlaid image and the aortog-
raphy for registration of the lower renal artery exceeded
5 mm, the overlaid image was re-registered based on the
aortography.
The subsequent EVAR procedures including deployment
of all devices and measurements were carried out with
reference to the “3D Roadmap”. The diameter and length of
the device was determined according to the data obtained
from the preoperative CT, and we could check the length of
the devices without additional angiography because of the
measurement on the “3D Roadmap” after the insertion of
the sizing catheter. After the completion of the EVAR
Figure 2. First angiography to conﬁrm the origin of renal artery
using 15 mL contrast material (300 mgI/mL iopamidol). Completely
accurate registration for the origin of renal artery is visualized,
although abdominal aorta deviates on the right side as a result of
the insertion of delivery system.
Table 1. Data of EVAR and whole procedure.
Patient Stentgraft Proximal neck Registration error Arteriography and dye Additional
procedureAge Gender Angle
(degree)
Length
(mm)
RA
(mm)
RIIA
(mm)
LIIA
(mm)
EVAR Whole
proc.
68 M Excluder 10 50 0 0 0 2 times/45 mL 3/70 None
84 M Excluder 64 32 0 0 0 2/45 3/50 TA(EIA)
83 M Endurant 30 14 0 0 0 2/45 4/60 IMAcoil, IIAcoil
78 M Endurant 5 38 0 5 5 2/45 4/60 IMAcoil, TA(iliac leg)
76 M Endurant 24 30 0 0 0 3/45 4/75 TA(iliac leg)
74 M Endurant 5 26 0 0 0 2/45 3/55 IMAcoil
84 F Excluder 47 28 0 0 0 2/40 5/105 IIAcoil, Cuff
80 M Endurant 76 42 0 0 0 2/40 2/40 None
74 M Excluder 48 26 0 0 0 2/40 4/80 Cuff
83 M Endurant 0 10 0 0 0 2/50 3/70 IMAcoil
91 M Endurant 30 32 1 0 0 2/45 3/60 TA(EIA)
81 M Zenith 26 24 2 0 0 3/45 3/55 IMAcoil
78 M Endurant 15 48 2 0 0 2/40 3/50 IIAcoil, TA(EIA)
86 M Zenith 5 22 2 0 0 2/45 4/90 TRA
83 M Endurant 70 44 3 0 0 2/40 4/95 Cuff, TA(EIA)
81 M Endurant 0 40 4 0 0 2/50 2/55 None
80 M Endurant 35 12 5 3 3 2/40 2/45 None
78 M Excluder 86 24 6 0 0 3/45 7/75 TRA
66 M Endurant 30 35 7 5 5 3/40 3/40 None
73 M Endurant 10 18 7 0 0 3/45 6/75 TA(CIA)
Note. Cuff ¼ placement of aortic cuff for type I endoleak; CIA ¼ common iliac artery; EIA ¼ external iliac artery; EVAR ¼ endovascular
aneurysm repair; IMAcoil/IIAcoil ¼ coil embolization of inferior mesenteric artery/internal iliac artery; RA ¼ renal artery (lower); RIIA/
LIIA ¼ right/left internal iliac artery; TRA ¼ transluminal renal angioplasty; TA ¼ transluminal angioplasty for iliac artery or iliac leg of
stentgraft.
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contrast material to conﬁrm the patency of the renal artery
and/or internal iliac arteries and to detect endoleak.
In two patients, minor stent migration was recognized
after the balloon attachment because of kinking of the
proximal landing zone. So, additional aortography was per-
formed for two patients after deployment of the aortic cuff
for control of type I endoleak. Pelvic angiography using 5 mL
of contrast material was performed for ﬁve patients to verify
the origin of the internal iliac artery (iliac bifurcation) when
its position was unclear because of kinking of the iliac ar-
teries, short length of the common iliac artery, or displace-
ment of the iliac arteries by the stiff guidewire and sheath.
When the embolization of the inferior mesenteric artery
or internal iliac artery was performed prior to the EVAR
procedure in seven patients, the “3D Roadmap” was also
used after registration using the iliac crest or lumbar
vertebrae as a guide for the procedure.
Local and national ethical approval was granted to
retrospectively analyze data. In addition, written informed
consent was obtained from all patients.RESULTS
The EVAR procedure using “3D Roadmap” was successful
for all 20 patients. No major complications or in-hospital
deaths occurred in this study. CT scan 1 week after the
procedure showed no type I or III endoleak, but type II
endoleak in four patients.
According to the initial aortography, the origin of the
renal artery and iliac bifurcation were registered with
T. Fukuda et al. 79complete accuracy in 10 patients (50%). The lower renal
artery deviated toward the cranial side less than 3 mm in six
patients and 5e10 mm in four patients. In four patients, the
angle of proximal landing zone was more than 60, which
means off-label usage. However, in two of four patients, the
origin of renal artery was registered with complete accuracy
(Table 1). These vertical deviations were caused by
straightening of the kinked aorta in six patients, and a
different posture during the operation from that during
preoperative CT in four patients. The mean error of renal
artery origin compared with that obtained with digital
subtraction angiography was 1.95  2.46 mm (0e7 mm).
The kinked aortic portion, from which the renal arteries
branched out, deviated horizontally by 0.95  1.66 mm (2e
6 mm) in six patients as a result of straightening. The 3D-CT
image had to be re-registered for three patients because
the horizontal deviation affected the vertical position of the
renal artery.
The initial aortography also visualized the iliac arteries.
The mean error of iliac bifurcation compared with that
obtained with digital subtraction angiography was
0.80  1.66 mm (0e5 mm). Although deviation of the
external iliac artery was caused by insertion of the device
delivery system in all cases (Fig. 3), the ﬁrst angiography
also showed the bilateral iliac bifurcation with complete
accuracy in 17 patients (85%) and deviation of the iliac
bifurcation by 3e5 mm toward the cranial side in three
patients (15%) (Table 1). In ﬁve patients (25%), transparent
projection of the oriﬁce of the internal iliac artery was
observed as a clear round spot (Fig. 3). As a result, it was
not necessary to perform additional angiography for clear
visualization of the iliac bifurcation in the oblique position.
To summarize the deviation of arteries on the overlay
image, when the kinked aortic aneurysms were straightenedFigure 3. Angiography to conﬁrm the iliac bifurcation: Bilateral
common iliac artery and iliac bifurcation show completely accurate
registration, although the external iliac artery deviates as a result
of the insertion of large proﬁle sheath. On the overlay image, the
origin of right internal iliac artery shows the round spot in this
translucent mode display.after the insertion of the stiff guidewire and/or delivery
sheath, the devices were located outside the vessels on the
overlaid image. However, the deviation of the oriﬁces of the
renal arteries was so minimal that re-registration was
necessary for only four patients for the deployment of main
body of stentgraft. As for iliac bifurcation, deviation was also
recognized as a result of the stiff guidewire and/or delivery
sheath; however, no re-registration was necessary because
the deviation was also minimal enough to deploy the legs
correctly.
Additional angiography for supplemental maneuvers,
such as coil embolization or angioplasty, was indicated for
15 patients. Angiography was performed three times for six
patients, four times for six patients, and more than ﬁve
times for three patients. The total volume of contrast ma-
terial used including additional procedures such as the coil
embolization of IIA or IMA, transluminal angioplasty,
and transluminal renal angioplasty was 65.2  17.6 mL
(40e105 mL) per patient. However, angiography for con-
ventional EVAR itself using the “3D Roadmap” had to be
performed twice for 15 patients and three times for only
ﬁve patients, and the volume of contrast material was
limited to 43.8  3.1 mL.DISCUSSION
Automated 2D-3D registration of the aorta based on map-
ping digitally reconstructed radiographs to real radiographs
of the lumbar spine was developed in the late 1990s by
Penney et al.,11 but was not incorporated into clinical use at
the time because the standard endovascular procedures
could be accomplished satisfactorily using ﬂuoroscopy
alone. However, recent developments in techniques and
devices have made possible EVAR treatment of more
complex anatomies such as short and reversed tapered
neck, kinked neck and a short and dilated common iliac
artery.12e15 These days, a branched or fenestrated sten-
tgraft procedure is performed.16 During these complex
EVAR procedures, angiography has to be performed several
times to conﬁrm the location of the renal artery origin or
iliac bifurcation.
To modify these issues associated with the digital road-
map,4 that is, the need for repeated angiography which
requires frequent changes of catheter and more contrast
material, the 2D-3D automated registration algorithm can
be used continuously during the procedure.17 Recent
technological advances have made it possible for the
overlaid image to be moved, rotated and magniﬁed with
the movement of the table and X-ray tube. As a result, the
total amount of contrast material and the number of ma-
neuvers, such as change of catheter, can be reduced.
The purpose of our study was to integrate the preoper-
ative 3D information used for planning the EVAR procedure
with the live imaging for better accuracy and visualization to
facilitate placement of the endovascular graft. Being able to
see the live ﬂuoroscopy image within the context of the
preoperative 3D vasculature information is thus of major
clinical relevance.
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edge of the aorta was poorly deﬁned. When conventional
volume rendering CT aortography was used for the entire
volume of bone and aortic vasculature, the density level of
the lumbar vertebrae proved to be much higher than that
of the aorta, which hampered visualization inside the aorta
required for guiding intervention devices. To overcome
this radiographic problem, a special image was used that
depicted the cortical bone with bone marrow subtracted for
lumbar vertebrae, resulting in a similar effect to that of 3D
visualization of the complex SSD approach. The “3D Road-
map” utilizing subtraction of bone marrow image resulted
in excellent visualization inside 3D vessel image overlaid on
ﬂuoroscopic images. The overlay of both bone marrow im-
age of 3D image and live ﬂuoroscopic image will disturb the
clear visualization inside the aorta in front of the lumbar
vertebrae. Landmarks of bony structure are reportedly be-
ing used;18 however, only the outline of the vessel structure
appeared in the ﬂuoroscopic display. The “3D Roadmap”
utilizing subtraction of bone marrow image makes it
possible to recognize bony structure in the ﬂuoroscopic
display simultaneously. Thus, we can recognize the regis-
tration of bony structure. Moreover, we can perform re-
registration after the initial aortography because volume
data of CT dataset were shown in the ﬂuoroscopic display.
Another technical pitfall was the different posture of the
patient during EVAR from that at CT. The arms rest on both
sides during EVAR but are raised over the head during CT.
Slight deviation of the body position can also occur under
general anesthesia, for example the soft mattress for
decompression may result in a change in the patient’s po-
sition. In this study, mis-registration might have occurred in
four patients as a result of the posture of these patients,
which we think to be one of the study limitations. It is thus
important to place the patient on the center of the bed
without any change in position. According to the general
policy in our institute, general anesthesia was induced in all
patients, which might help towards maintaining patient
position.
Landmarks of anatomic structure such as a few proximal
points of the renal artery are reportedly being used for the
registration between previously obtained 3D CT images and
cone beam CT images during the generation of the 2D-3D
automated image overlay.5,19 However, as the artery is
stretched by the stiff guidewire, the delivery system, and
the stentgraft itself, mis-registration could be expected
when the aorta itself is used as the landmark, so the lumbar
vertebrae and iliac crest were used as the landmarks for
registration in our study. The accuracy of the registration
with bony structures as the landmark was 80% for the lower
renal artery, because the error of registration between the
“3D Roadmap” and initial angiography was less than 3 mm
for 16 of the 20 patients and the registration accuracy for
the iliac bifurcation was 85%.
Because during the open surgery the pararenal aortic
portion is usually found to adhere tightly to the surrounding
tissues except in the case of thoraco-abdominal aneurysmal
dilatation,19,20 registration accuracy of the renal arterycould be improved by making use of the lumbar vertebrae
with bone marrow subtracted as the landmark.19 In this
study, there are four cases of tortuous aorta with neck angle
more than 60; however, 50% of cases were registered with
complete accuracy. The most common reason for mis-
registration of the lower renal artery by more than 5 mm
in our study was use of poorly deﬁned iliac crest as a
landmark. However, registration of the iliac bifurcation was
highly accurate in most cases in our study even when the
external iliac artery showed major deviations, as a result of
the tight adherence of the iliac bifurcation to the sur-
rounding tissues.
Information about the pararenal aorta and iliac bifurca-
tion was essential for determination of the length of the
device and its deployment during EVAR. Because visualiza-
tion of these ﬁxed parts was highly accurate, angiography
did not have to be repeated. As a result, several angio-
graphic procedures, including exchange of the catheter or
connection to the injector, could be omitted for, for
example, the ﬁrst aortography to determine the length of
the main body, aortography to conﬁrm the patency of the
renal artery during the main body deployment, and iliac
arteriography to determine the length of the iliac leg. As for
limitation, in this study, the irradiation dose and time only
for conventional EVAR procedure was not recorded. The
total irradiation time and dose including those of additional
procedure such as coiling, transluminal angioplasty, and
transluminal renal angioplasty were recorded in 15 of 20
cases. In addition, time for image processing also was not
measured correctly because we can ﬁnish that process in
about 5 minutes.
In conclusion, modiﬁcation of the preoperative CT data-
set using volume-rendering CT aortography and surface
display of the cortical bone might be useful for improved
visualization of the vasculature on the overlaid image
because dense bone marrow was subtracted. The oriﬁces of
the renal arteries and iliac bifurcation remained in their
original position in more than 80% of the cases even when
the kinked vessels were straightened by the stiff devices.
The automated 2D-3D image overlay system, known as the
“3D Roadmap”, which is used at our institute, has potential
to allow for completion of EVAR with up to two angio-
graphic procedures only, thus requiring less contrast ma-
terial and fewer maneuvers.CONFLICT OF INTEREST
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